
RESEARCH MEMORANDUM 

REGENERATIVE -COOLING STUDIES IN A 5000 -POUND -THRUST 

hT€IQUID -OXYGEN - JP -4. ROCKET ENGINE OPERATED lllllc- 

i 

AT 600 -POUNDS -PER SQUARE -INCH 

COMBUSTIONGHAMBER PRESSURE 

By Adelbert 0. Tischler and Jack C.  Humphrey 

This material contains information affecting the National Defense of the United States within the meaning A of the espionage laws, Title 18, U.S.C., Secs. 793 and 7%. tk trawmission or revelation of which in any 
manner to an unauthorized person is prohibited by law. 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
April 17, 1956 

---- 



NACA RM E56B02 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
" 

RESEARCH MEMORANDUM 

REGENERATIVE-COOLING STUDIES IN A 5000-POUND-THRUST LIQUID- 

OXYGEN - JP-4 ROCKET ENGINE OPEFATED AT 600-POUNDS- 

PER- SQUARE- INCH COMBUSTION- CHAMBER PRESSURE 

By Adelbert 0. Tischler  and Jack C.  Humphrey 

SUMMARY 

No d i f f i c u l t i e s  were experienced i n  f u e l  cooling a 5000-pound-thrust 
liquid-oxygen - JP-4 rocket engine operated a t  600-pounds-per-square- inch 
combustion-chamber pressure. Over-all hea t - t ransfer  r a t e s  of 1 . 2  Btu per 
second per  square inch were measured at oxidant-fuel weight r a t i o s  of 2.4. 
The low magnitude of these  heat- t ransfer  r a t e s  may be a t t r i b u t e d  t o  t h e  
formation of a pro tec t ive  carbon insulat ing layer  on t h e  combustion- 
chamber w a l l s .  
ind ica tes  t h a t  f u e l  cooling at  chamber pressures considerably above 600 
pounds per square inch is f eas ib l e .  

b Linear extrapolat ion of hea t - t ransfer  r a t e  with pressure 

Spec i f ic  impulses of about 90 percent of t h e o r e t i c a l  equilibrium- 
expansion values were obtained. A t  an oxidant-fuel weight r a t i o  of 2.4 
t h e  s p e c i f i c  impulse measured w a s  258 pound-seconds per pound. 

INTRODUCTION 

The purpose of t h i s  research w a s  t o  demonstrate t h e  f e a s i b i l i t y  of 
f u e l  cooling a liquid-oxygen - JP-4 rocket engine operating at a chamber 
pressure of 600 pounds per square inch and t o  obta in  data f o r  t h e  heat- 
t r a n s f e r  rates at  t h i s  chaniber pressure. 

Numerous inves t iga t ions  of t h e  performance and hea t - t ransfer  rates 
of oxygen-hydrocarbon rocket engines have been made previously. Such 
measurements have been made i n  large- thrust  fuel-cooled engines ( r e f s .  1 

order of 350 t o  500 pounds per square inch. During t h e  course of t h e  
inves t iga t ion  reported herein, da ta  on t h e  operat ion of an oxygen- 
gasol ine engine of 28,000 pounds thrus t  operated a t  600-pounds-per-square- 
inch chamber pressure were reported ( r e f .  3) .  Since JP-4 f u e l  and 

. and 2 ) .  The combustion-chamber pressure f o r  these  engines w a s  of t h e  

. 
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"hrus t Chamber 

The t h r u s t  chamber is  shown diagrammatically i n  f i g u r e  1. The outer  
and inner walls of t h i s  chamber were welded together  without expansion 
j o i n t s  t o  form an i n t e g r a l  cooling-passage engine. A new fab r i ca t ion  
technique w a s  used as follows: An inner s h e l l  w a s  f ab r i ca t ed  of n icke l  
sheet  by forming, h e l i a r c  welding, and spinning over a mandrel as dis- 
cussed i n  reference 4. Twenty-four notched r i b s  were h e l i a r c  welded t o  
t h i s  inner s h e l l .  
j i g s  ( f ig .  2 ( a ) ) .  These s t r i p s  were s e t  i n t o  t h e  notched r i b s  ( f i g .  2 ( b ) ) ,  
and the  s t r i p s  and r i b s  were simultaneously welded together  t o  make an 
in t eg ra l  assembly ( f i g .  2 ( c ) ) .  The welded assembly of s t r i p s  formed t h e  
outer  skin of  t h e  cooling jacket .  This s k i n  w a s  re inforced with seve ra l  
wrappings of f iber -g lass  c lo th  ( f i g .  2 ( d ) ) .  The f ibe r -g l a s s  c l o t h  w a s  
bonded by a l t e r n a t e  layers  of p l a s t i c  cement. 

. 
S t r i p s  of 1/32-inch Inconel sheet  were formed i n  hand 

~ 

The cooling- jacket dimensions were such t h a t  t h e  coolant ve loc i ty  a t  
t h e  throa t  of t h e  engine w a s  33 f e e t  per second a t  a f u e l  flow of 5.4 
pounds pe r  second ( f u e l  density,  0.76 lb/cu f t ) .  A t  t h e  chamber t h e  
coolant ve loc i ty  w a s  1 7  f e e t  per second f o r  t h e  same flow. The pressure 
drop through t h e  cooling jacket  f o r  t h i s  f u e l  flow w a s  22 pounds per 
square inch. The pressure drops f o r  various fue l -  and water-coolant 
flows are shown graphical ly  i n  f i g u r e  3. 
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gasol ine a r e  both hydrocarbon f u e l s  with similar, though not i den t i ca l ,  
spec i f i c  hea ts  and heating values, t h e  hea t - t ransfer  r a t e s  and performance 
f igures  i n  t h i s  repor t  ex tend , the  da ta  obtained previously. 

- 

The engine used f o r  t hese  tests w a s  designed t o  produce 5000 pounds 
th rus t .  The engine cha rac t e r i s t i c  length was 31.4 inches and t h e  chamber- 
throat  a rea  r a t i o  w a s  4. The in j ec to r  w a s  a l ike-on-l ike type with 
a l t e rna te  rings of f u e l  and oxidant j e t  pa i r s .  

Performance and hea t - t ransfer  data were obtained both with f u e l  
( regenerat ive)  cooling and with water cooling. 
and b r i e f l y  discussed i n  t h i s  repor t .  

The da ta  a r e  presented 

I n  j ec t or 

The in j ec to r  used i n  these  s tud ie s  was similar t o  those reported i n  
reference 1. The configurat ion i s  shown i n  f igures  4 and 5. The injec-  
t o r  w a s  a l ike-on-l ike type with four  fuel r ings  and four  oxygen r ings  
arranged a l te rna te ly .  There were 80 p a i r s  of 0.055-inch oxygen holes 
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and 96 pa i r s  of 0.036-inch f u e l  holes; 30 addi t iona l  0.031-inch f u e l  
holes were d r i l l e d  i n  t h e  outer  r i ng  t o  spray f u e l  along t h e  chamber 
surf ace. 

Instrumentat ion 

The engine w a s  mounted on a f lexure-plate  t h r u s t  stand equipped w i t h  
a s t ra in-gage force-measuring c e l l .  
shown i n  f i g u r e  6. 
transducers and with recording bourdon-tube instruments. Oxygen f l o w  and 
f u e l  flow w e r e  each measured with two instruments, a driven-turbine 
flowmeter and a ventur i  meter equipped with d i f f e r e n t i a l  pressure t rans-  
ducers. Accuracy of t h e  individual  th rus t ,  pressure, and flow measure- 

osci l lograph with a timing s igna l .  

The flow diagram of t h e  t e s t  r i g  i s  
Chamber pressure was measured both with s t ra in-gage 

.merits w a s  about fl percent. These s ignals  were fed i n t o  a recording 

Temperatures of t h e  coolant i n t o  and out of t h e  engine jacket  were 
measured with iron-constantan thermocouples with a cold-junction couple 
i n  an i c e  bath.  No attempt w a s  made t o  measure coolant temperatures a t  
intermediate points; therefore ,  only over-al l  hea t - t ransfer  values were 
obtained. 
thermocouples with the  cold-junction thermocouple i n  a ba th  of l i q u i d  
nitrogen. 
potentiometers. 

Liquid-oxygen temperatures were measured by copper-constantan 

Temperatures were recorded on s t r ip -cha r t  recording 

Propellants 

Liquid oxygen analyzing about 0.5 percent ni t rogen was obtained from 
a c o m e r c i a l  vendor. This amount of nitrogen is  in su f f i c i en t  t o  a f f e c t  
performance measurably. 

The JP-4 f u e l  used was drawn from two batches, which var ied only 
s l i g h t l y  i n  analysis .  The average 
ana lys i s  of t h e  two f u e l  batches used is shown i n  t a b l e  I. The va r i a t ion  
i n  spec i f i c  grav i ty  and spec i f i c  heat of t h e  f u e l  with temperature were 
estimated from t h i s  analysis  with t h e  aid of co r re l a t ion  char t s  presented 
i n  reference 5. These values are represented by t h e  following equations: 

No addi t ives  were used i n  t h e  fue l .  

Spec i f ic  g rav i ty  = 0.766 (1 + 5 . 8 x 1 V 4  (60 - T ) ]  

c = 0.458 + 0.000536 T P 

where T i s  i n  OF. (Symbols used i n  t h i s  repor t  are defined i n  
appendix A . )  
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Pressurized helium gas w a s  used t o  pump t h e  oxidant and t h e  f u e l  t o  
t h e  engine from 16-cubic-foot s t a i n l e s s - s t e e l  tanks.  Flow r a t e s  were 
adjusted by regula t ing  the  gas supply pressure t o  t h e  propel lant  tanks.  

PROCEDURE 

For t h e  fuel-cooled runs, t h e  JP-4 f u e l  supply t o  t h e  engine w a s  
run f irst  through t h e  cooling jacket  then  t o  t h e  in j ec to r .  
d i r ec t ion  w a s  from nozzle t o  i n j e c t o r .  

Coolant-flow 

Two s e r i e s  of water-cooled runs were made, t h e  f i r s t  with water flows 
through t h e  cooling jacket  from 9 t o  12 pounds per second, t h e  second w i t h  
flows from 6 t o  7 pounds per second. 

Most tests w e r e  of 10 seconds durat ion.  One 60-second run w a s  made 
with f u e l  cooling t o  show t h a t  t h e  sho r t e r  runs gave v a l i d  hea t - t ransfer  
and performance da ta .  

The engine w a s  s t a r t e d  with gaseous oxygen and gaseous propane fed 
a t  r e l a t i v e l y  low pressures (20  and 16 lb/sq in . ,  r e spec t ive ly )  through 
t h e  in j ec to r  from a sepasate  propel lant  supply. These propel lan ts  were 
ign i ted  by a torch  located a t  t h e  l i p  of t h e  nozzle. 
occurred i n  t h e  chamber, t h e  main propel lant  supply valves were opened 
t o  obtain about 40 percent of f u l l  flow. 
propellant supply automatically closed check valves i n  t h e  gaseous supply 
systems. After t h e  engine operat ion a t  p a r t i a l  flow w a s  deemed satis- 
factory,  t h e  propel lant  valves were opened t o  f u l l  flow. 
running t ime w a s  usual ly  10 seconds. 
closed about 0.4 second a f t e r  t h e  oxidant valve.  The engine occasional ly  
screamed very b r i e f l y  during shutdown. During t h e  course of t h e  inves t i -  
gation, t h e  r i m  of t h e  in j ec to r  face  burned s l i g h t l y .  This burning shows 
i n  f igu re  5. Whether o r  not t he  burning w a s  a d i r e c t  r e s u l t  of t h e  
screaming w a s  not ascer ta ined.  

After  burning 

The high-pressure l i qu id -  

The fu l l - f low 
A t  shutdown t h e  f u e l  valve w a s  

RESULTS AND DISCUSSION 

The data f o r  the  fuel-cooled runs are tabula ted  i n  t a b l e  11. Spe- 
c i f i c  impulse, c h a r a c t e r i s t i c  ve loc i ty ,  nozzle coef f ic ien ts ,  and ove r -a l l  
hea t - t ransfer  rates through t h e  engine a r e  p lo t t ed  as funct ions of 
oxidant-fuel  r a t i o  i n  f i g u r e  7 .  

The water-cooled runs a r e  tabula ted  i n  t a b l e  111. Performance 
parameters are p lo t t ed  i n  f i gu re  8. .. 

w 
(D rn 
CD 

Theoretical  performance f o r  l i q u i d  oxygen - Jp-4 f u e l  a t  600-pounds- 
per-square-inch chamber pressure ( r a t i o  of chamber pressure t o  e x i t  
pressure, 40.8) i s  given by f igu re  9 f o r  comparison with t h e  experimental 
r e s u l t s .  
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Run Ratio, 
o/f 

1 2.015 
2 1.831 
3 2.573 
1 1.709 

Heat Transfer 

Rtu/ 
( s ec ) ( sq  i n . ) ,  q 

1.23 
.96 
1.07 
.96 

5 

. 

cn 
(D cn 
M 

No d i f f i c u l t i e s  were encountered i n  operat ing t h e  rocket  engine with 
f u e l  cooling at  600 pounds per square inch. The temperature r i s e  f o r  t h e  
f u e l  during i t s  passage through t h e  cooling jacke t  ranged from 7 3 O  t o  
132' F; t h e  over -a l l  hea t - t ransfer  rate ranged from 1.0 t o  1 .4  Btu per 
second per square inch ( f i g .  7 ) .  The highest  hea t - t r ans fe r  rates occurred 
a t  t he  high oxidant-fuel  r a t i o s ,  t h a t  is, nearest  s to ich iometr ic  burning 
(o/f = 3 . 4 ) .  Since high o/f r a t i o s  correspond t o  low fue l  flows as w e l l  
as high combustion temperatures, operation i n  t h i s  mixture r a t i o  region 
presents  t h e  most d i f f i c u l t  regenerative-cooling problem. 

One series of runs gave hea t - t ransfer  rates higher by  about 10 per- 
cent t han  those  f o r  a later s e r i e s .  No changes were made i n  e i t h e r  t h e  
engine se tup  o r  operat ing procedure between these  runs.  These heat- 
t r a n s f e r - r a t e  va r i a t ions  may be  ascribed t o  changes i n  t h e  charac te r  o r  
t h e  thickness  of t h e  carbon layer  formed i n  t h e  engine during running. 

With water cooling t h e  hea t - t ransfer  rates were of t h e  same magnitude 
as those  f o r  fuel-cooled runs ( f i g .  8 ) .  The rates f o r  water flows be- 
tween 9 and 12  pounds per second were s l i g h t l y  g rea t e r  than  f o r  flows be- 
tween 6 and 7 pounds per second. I n  t h i s  case, t h e  s l i g h t l y  g rea t e r  
hea t - t r ans fe r  rates may be  due i n  par t  t o  t h e  colder  chamber-wall sur- 
faces  w i t h  higher coolant flows. The wall-surface temperatures may a l s o  
a f f e c t  t h e  carbon deposi t  t h a t  forms on t h e  combustion-chamber surfaces .  

Heat- t ransfer  rates f o r  some runs at low oxidant-fuel  r a t i o s  appear 
out of l i n e  and higher than other  corresponding values .  Each of t h e s e  
runs was t h e  f i r s t  of a series.  I n  order t o  determine whether t h e  high 
hea t - t r ans fe r  rates occurred on the f irst  run or a t  low o/f r a t i o s  a 
s p e c i a l  s e r i e s  of four  runs w a s  made. The f irst  and t h i r d  runs were a t  
intermediate  o/f r a t io s ;  t h e  second and fou r th  runs were a t  low o/f 
r a t i o s .  The r e s u l t s  are shown i n  the  following t ab le :  

The high heat  t r a n s f e r  observed during t h e  f i r s t  run may occur be- 
cause t h e  insu la t ing  layer  has not yet formed. Since no e f f o r t  w a s  made 
t o  remove t h e  carbon deposi t  hetween runs,  o r  between series of runs, 
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changes i n  the  nature  of t h e  carbon f i l m  i n  t h e  t ime i n t e r v a l  between 
run  se r i e s  is indicated.  The 60-second run, which w a s  made about 2 hours 
a f t e r  a previous s e r i e s  of runs, showed "normal". hea t - t ransfer  r a t e s .  
Heat t ransfer  and other  performance values remained s teady a f t e r  3 seconds 
running time whether t h e  run was t h e  f i rs t  of a s e r i e s  o r  not.  Figure 10 
indica tes  the  extent  of va r i a t ion  of t h e  measured parameters f o r  t h e  60- 
second run. A s l i g h t  overshoot of hea t - t ransfer  rate, never more than 
105 percent of t h e  s teady-s ta te  value, w a s  occasionally observed during 
t h e  f i r s t  3 seconds running time. 

- 

w 
CD 
m 
CD 

Comparison with other  hea t - t ransfer  r e s u l t s .  - Most hea t - t ransfer  
rates ( re fs .  1 and 3 )  i n  rocket engines of various s i z e s  were obtained 
with f u e l  containing 1 percent s i l i c o n e  o i l  as an addi t ive .  The use  of 
t h e  s i l i c o n e  addi t ive  reduced t h e  over -a l l  hea t - t ransfer  r a t e s  by from 
15 t o  40 percent (ref. 1). 
very nearly t o  point of maximum t h e o r e t i c a l  spec i f i c  impulse) t h e  heat-  
t r a n s f e r  r a t e s  ranged between 0.55 and 0.65 Btu per second per square 
inch f o r  combustion-chamber pressures between 300 and 500 pounds per  square 
inch. These r e s u l t s  were for gasol ine f'uel. With JP-1 f u e l  ins tead  of 
gasol ine a hea t - t ransfer  r a t e  of 0.45 Btu per second per square inch i n  
a 5500-pound-thrust engine was measured ( r e f .  1). This value w a s  f o r  a 
combustion-chamber pressure of 370 pounds per square inch a t  an 
2.4, and the  JP-1 f u e l  again contained s i l i c o n e  o i l  addi t ive .  

A t  an oxidant-fuel  r a t i o  of 2.4 (corresponding 

o/f of 

Heat-transfer r a t e s  were measured f o r  two l a rge  engines t h a t  used 
JP-4 f u e l  without addi t ives  ( r e f .  2 ) .  One engine, of 75,000 pounds 
th rus t ,  was operated a t  385-pounds-per- square-inch combustion-chamber 
pressure; t h e  other, of l ightweight tubular  construct ion and of 120,000 
pounds th rus t ,  w a s  operated at 475-pounds-per-square- inch combustion- 
chamber pressure. Heat-transfer r a t e s  f o r  t h e  lower-thrust  engine were 
i n  t h e  neighborhood of 0.6 Btu per second per square inch. The tubular  
engine showed an i n i t i a l l y  high hea t - t ransfer  r a t e  t h a t  d i d  not appear i n  
t h e  da ta  f o r  t h e  more massive 75,000-pound-thrust engine. The i n i t i a l  
hea t - t ransfer  r a t e s  reached near ly  1 .4  Btu per second per square inch, 
then f e l l  and leveled of f  a t  about 1.1 Btu per second per square inch 
a f t e r  approximately 3 seconds of running. 

"he heat- t ransfer  values obtained a t  NACA a t  a pressure of 600 
pounds per square inch were f o r  JP-4 f u e l  with no addi t ive .  To compare 
t h e  da ta  of references 1 and 2 with t h e  d a t a  of t h i s  repor t ,  correct ions 
a r e  needed. To cor rec t  f o r  t h e  e f f e c t  of addi t ives ,  t h e  da t a  of r e fe r -  
ence 1 were divided by 0.60. To cor rec t  f o r  pressure,  t h e  da ta  of r e f -  
erences 1 and 2 were extrapolated l i n e a r l y  with pressure ( s e e  r e f .  6 )  t o  
600 pounds per square inch. With these  cor rec t ions ,  t h e  hea t - t r ans fe r  
da ta  of t he  references agree reasonably w e l l  with t h e  1.1 t o  1 . 2  
Btu per second per square inch reported here in  f o r  ari oxidant-fuel  r a t i o  
of 2 .4 .  
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. F.ole of carbon deposi t  i n  decreasing hea t - t ransfer  r a t e .  - The ob- 
served hea t - t ransfer  r a t e s  a r e  well  below those  calculated f o r  a clear_ 
metal w a l l  on t h e  bas i s  of c l a s s i c a l  hea t - t ransfer  equations and t h e  
thermodynamic proper t ies  of t h e  exhaust gases.  
of carbon t h a t  w a s  observed t o  form on t h e  combustion-chamber and nozzle 
surfaces  is  an e f f e c t i v e  heat b a r r i e r .  

Apparently, t h e  t h i n  coat  

Estimates of t h e  over -a l l  hea t - t ransfer  r a t e  with various heat-  
t r a n s f e r  r e s i s t ances  i n  t h e  surface layer were made. 
ca lcu la ted  on t h e  b a s i s  of completely burned gas temperature throughout 
t h e  chamber and a r e  therefore  somewhat high, p a r t i c u l a r l y  s ince  only 
about 92 percent of t h e  t h e o r e t i c a l  cha rac t e r i s t i c  ve loc i ty  w a s  r ea l i zed  
experimentally. The re-  
s u l t s  a r e  shown graphica l ly  i n  f igu re  11. 

These r a t e s  were 

The ca l cu la t ion  method i s  given i n  appendix B. 

These est imates  ind ica te  t h a t  t he  hea t - t ransfer  r a t e s  observed may 
be  accounted f o r  i f  t h e  carbon surface l aye r  has a surface temperature of 
about 5300° F. These ca lcu la t ions  a l so  ind ica t e  t h a t  without t h e  carbon 
insu la t ing  layer  t h e  over -a l l  hea t - t ransfer  ra te  might be  of t h e  order of 
10 Btu per second per square inch. 

From these  r e s u l t s ,  t h e  thickness of t h e  carbon layer  can b e  e s t i -  
mated, provided t h e  thermal conductivity of t h e  carbon i s  known. 
conduct iv i t ies  of carbon reported vary from 0.04 (lampblack) t o  3.0 
(petroleum coke) Btu per foot  per square foot  per hour per OF. If t h e  
f irst  value l i s t e d  i s  used, t h e  calculated carbon-layer thickness  f o r  
t h i s  engine is  0.005 inch; f o r  a conductivity of 3.0 Btu per foot  per 
square foo t  per hour per O F  t h e  thickness i s  0 .21  inch. No measurements 
of t h e  a c t u a l  carbon deposi ts  were made, i n  pa r t  because of t h e  uncer- 
t a i n t y  about what happens t o  t h e  carbon layer  during shutdown operat ions.  
The thicknesses  of t h e  carbon deposits a f t e r  t h e  runs appeared t o  be of 
t h e  order of 0.01 inch. 

Thermal 

The i n j e c t o r  probably a f f e c t s  the form and thickness  of t h e  carbon 
layer  and, i n  e f f ec t ,  t h e  hea t - re jec t ion  rate. An in j ec to r  configurat ion 
(such as t h a t  used i n  t h i s  study) t h a t  c r ea t e s  conditions (presumably a 
f u e l - r i c h  f i l m )  f o r  forming a th i ck  carbon l aye r  on t h e  chamber surfaces  
w i l l  exhib i t  low-heat-rejection-rate c h a r a c t e r i s t i c s .  Conversely, an in- 
j e c t o r  t h a t  l i m i t s  t h e  formation of a carbon layer  w i l l  cause higher heat-  
r e j e c t i o n  r a t e s .  The combustion chamber 'does not f i l l  with carbon, be- 
cause, as the  carbon layer  thickens,  i t s  surface temperature increases .  
Eventually a sur face  temperature ( thickness)  i s  reached where t h e  carbon 
layer  i s  " i n  equilibrium" with the  reac t ion  products i n  t h e  combustion 
chamber; t h a t  is, t h e  rate of carbon deposi t ion i s  equal t o  t h e  r a t e  of 
carbon erosion.  

Extrapolat ion of r e s u l t s  t o  higher pressures .  - The highest tempera- 
t u r e  r i s e  i n  t h e  coolant. jacket  during t h e  fuel-cooled runs w a s  13ZO F 
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( a t  o/f = 2.8). 
out r i s k  of f i l m  bo i l i ng  or  coking is unknown a t  present.  This would 
depend on t h e  l o c a l  hea t - t ransfer  r a t e s ,  t h e  vapor pressure,  t h e  gum- 
forming c h a r a c t e r i s t i c s  of t h e  fue l ,  and the  coolant pressures and veloci-  
t i e s  i n  t h e  chamber jacke t .  For a number of batches of JP-4 fue ls ,  r e f -  
erence 7 repor t s  t h a t ,  a t  500-pounds-per-square-inch pressure and a 
coolant ve loc i ty  of 27.6 f e e t  per second, a f u e l  temperature r i s e  of more 
than 700° F is  poss ib le  before  f i l m  bo i l i ng  occurs. 
pressures and a t  higher coolant ve loc i t i e s ,  s t i l l  higher temperature 
r i s e s  i n  t h e  f u e l  without f i l m  bo i l i ng  should be  possible .  Here, however, 
a second temperature l i m i t  may occur, namely, t h e  gum-forming or coking 
temperature. Presumably t h e  t h i n  f i l m  of coolant i n  immediate contact  
with the  metal w a l l  and the re fo re  exposed t o  temperatures wel l  above t h e  
bulk coolant temperature w i l l  form gum a t  these  elevated temperatures. 
This gum then probably adheres t o  t h e  metal w a l l .  
however, "cracks" t o  form coke. 
thermal b a r r i e r  between t h e  coolant and t h e  metal w a l l  w i l l  r e s u l t  i n  
excessive metal temperatures and w a l l  burn-outs. Reference 7 s t a t e s  t h a t  
coking occurred a t  metal-wall temperatures between 800' and 1200° F, de- 
pending apparently on t h e  p a r t i c u l a r  ba tch  of JP-4 fuel used. 

The maxi::um t o l e r a b l e  temperature r i se  i n  the  f u e l  with- - 

A t  higher jacket  
b4 
CD cn 
(D 

The gum coat i t s e l f ,  
I n  a marginally cooled engine, any such 

For purposes of estimating maximum chamber pressure a t  which a rocket 
engine can be  regenerat ively cooled with JP-4 fuel ,  a temperature r i s e  of 
700' F i s  assumed. If it i s  f u r t h e r  assumed t h a t  t h e  hea t - t ransfer  rate 
increases l i n e a r l y  w i t h  pressure (see r e f .  6 )  and t h e  chamber sur face  
a rea  is  proportional t o  t h r u s t ,  then 

pc a q = m (AT) C 
f P 

Subs t i tu t ing  numerical values,  

pc,max = 600 (z) 0.699 = >4000 lb/sq i n .  132 0.526 

If the f u e l  i s  precooled t o  a low temperature, t h e  f u e l  temperature 
r i s e  and therefore  t h e  operat ing combustion-chamber pressure can be in- 
creased even fu r the r  without encountering the  f i l m  bo i l i ng  or gum-forming 
temperatures. The use of a f u e l  with very low gum-forming tendency would 
also permit a higher f i n a l  f u e l  temperature; hence, higher operat ing 
pressure.  

It must be pointed out t h a t  t hese  est imates  ind ica t e  only t h e  fuel-  
cooling capacity f o r  an engine design with sur face  area t o  t h r u s t  ident i -  
c a l  with the t e s t  engine. Estimation of t h e  l o c a l  hea t - t r ans fe r  rates 
a t  high pressure, p a r t i c u l a r l y  i n  t h e  nozzle th roa t ,  w i l l  depend on t h e  
d e t a i l e d  design ( w a l l  thickness,  coolant v e l o c i t i e s )  of each p a r t i c u l a r  
engine, and is  beyond t h e  scope of t h i s  discussion.  The low ove r -a l l  
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hea t - t ransfer  rates observed and t h e  calculated cooling-capacity reserve  

above 600 pounds per square inch i s  f eas ib l e .  
do ' indicate ,  however, t h a t  f u e l  cooling a t  chamber pressures considerably 

L 

Performance 

Experimental spec i f ic -  impulse values of about 90 percent of theo- 
r, r e t i c a l  (equi l ibr ium expansion) were obtained a t  a l l  oxidant-fuel  r a t i o s .  
D n A t  an oxidant-fuel  weight r a t i o  of 2.4 the  s p e c i f i c  impulse measured w a s  
0 258 pound-seconds per pound. The spec i f i c  impulse with f u e l  cooling w a s  

p r a c t i c a l l y  t h e  same as with water cooling. Likewise, c h a r a c t e r i s t i c  
ve loc i ty  and nozzle coe f f i c i en t s  were comparable f o r  t h e  fue l -  and water- 
cooling runs .  The experimental values of nozzle t h r u s t  coe f f i c i en t  CF 
were s l i g h t l y  below t h e o r e t i c a l  values.  Since nozzle coe f f i c i en t s  may be  
expected t o  b e  3 t o  5 percent below theo re t i ca l ,  t hese  experimental values 
appear t o  be high. 
pressure-measuring equipment disclosed no pe r s i s t en t  e r ro r ,  however. 

Careful r eca l ib ra t ions  of t h e  th rus t ,  flow, and 

These specific-impulse values agree w e l l  with da t a  of references 1 
A l imi t ed  number of specific-impulse da t a  from these  sources and c t o  3. 

from t h i s  r epor t  a r e  p lo t t ed  i n  f i g u r e  12  aga ins t  combustion-chamber 
pressure.  Shown a l s o  i s  a curve f o r  spec i f i c  impulse equal t o  90 percent 
of t h e  maximum t h e o r e t i c a l  equilibrium spec i f i c  impulse with per fec t  ex- 
pansion t o  standard atmospheric pressure from each combustion-chamber 
pressure.  

SUMMARY O F  RESULTS 

A 5000-pound-thrust liquid-oxygen - JP-4 rocket engine w a s  operated 
a t  600-pounds- per- square- inch combus t ion- chamber pres sur e with both fuel  
( regenera t ive)  and water cooling. N o  d i f f i c u l t i e s  were experienced. 

Over-all  hea t - t ransfer  rates of 1 .2  Btu per second per square inch 
were measured a t  oxidant-fuel weight r a t i o s  of 2.4. The low magnitude 
of t hese  hea t - t r ans fe r  r a t e s  may be  a t t r i b u t e d  t o  t h e  formation of a 
p ro tec t ive  carbon insu la t ing  layer  on the combustion-chamber w a l l s .  
Linear ex t rapola t ion  of hea t - t ransfer  r a t e  with pressure ind ica tes  t h a t  
f u e l  cooling a t  chamber pressures  considerably higher than t h e  600 pounds 
per square inch used i n  these  tests i s  f eas ib l e .  

Spec i f ic  i m p l s e s  of about 90 percent of t h e  t h e o r e t i c a l  values f o r  
equi l ibr ium expansion t o  standard atmospheric pressure were obtained. 
A t  an oxidant-fuel  weight r a t i o  of 2 . 4  t h e  spec i f i c  impulse measured w a s  
258 pound-seconds per pound. 

Lewis F l igh t  Propulsion Laboratory 
Nat ional  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, February 6, 1956 
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A 

CF 

* 
C 

P C 

d 

h 

IS 

k 

m 

o/ f 

P 

Q 

9 

R 

T 

t 

a 

P 

CI 

SYMBOLS 

sur face  area, sq in .  

nozzle t h r u s t  coe f f i c i en t  

c h a r a c t e r i s t i c  veloci ty ,  f t / s ec  

specif  ic-heat a t  constant pressure,  Btu/( l b )  (OF) 

diameter, f t  

hea t - t ransfer  coe f f i c i en t  across  combustion-chamber gas boundary 
layer ,  Btu/( s ec ) (sq in .  ) ( O F )  

spec i f i c  impulse, lb-sec/lb 

tnermal conductivity of combustion-chamber gas, Btu/( s ec )  ( i n .  )(OR) 

mass-flow r a t e  through chamber, lb/sec 

oxidant -f u e l  rat i o  

pres sure 

over-al l  hea t - t ransfer  rate,  Btu/sec 

hea t - t ransfer  r a t e ,  Btu/(sec)(sq i n . )  

thermal r e s i s t ance  t o  heat  t r ans fe r ,  R = t/k, (sq in . ) (sec)(OF)/Btu 

temperature, OF or OR 

thickness, in .  

half-angle of convergent s ec t ion  of nozzle 

half-angle of divergent s ec t ion  of nozzle 

v i scos i ty  of gas, lb/( in .  ) ( s e c )  
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Subscripts:  

C combust ion chamber 

e e x i t  

f f u e l  

m metal w a l l ,  hot s i d e  

max maximum 

n nozzle 

t nozzle t h r o a t  

S surface,  hot s i d e  

Superscr ipts  : 

- average 

c 
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APPENDIX B 

EFFECT OF CARBON FILM ON HEAT-TRANSFER RATE .. 

The following equations apply t o  t h e  ca l cu la t ion  of t h e  thermal re-  
s i s tance  of a f i lm  or layer  of insu la t ing  material on t h e  metal sur face  
of a gas-metal-liquid heat-exchanger apparatus. 

w 
CD m 
CD 

The ca lcu la t ions  of t h e  carbon-layer thermal r e s i s t ance  t h a t  would 

(1) A gas-side sur face  temperature f o r  t h e  carbon layer  w a s  
( 2 )  The hea t - t ransfer  r a t e s  f o r  t h e  combustion-chamber sec t ion  

l i m i t  the  hea t - t ransfer  rates t o  various values were based on t h e  follow- 
ing steps:  
assumed. 
were then ca lcu la ted  using t h e  following equations: 

For ca lcu la t ing  the  gas-fi lm hea t - t ransfer  coe f f i c i en t  h, t h e  
McAdams equation w a s  modified so t h a t  gas proper t ies  a t  t h e  carbon- 
surface temperature were used. In  addi t ion,  p roper t ies  f o r  nonshif t ing 
(frozen) composition were used t o  e l iminate  e f f e c t s  due t o  changing gas 
composition. The gas proper t ies  used a t  various temperatures are p lo t t ed  
i n  f igure  13. These correspond t o  an oxidant-fuel r a t i o  of 2.43. 

(3) With t h e  hea t - t ransfer  r a t e  thus obtained, t h e  temperature on 
t h e  hot s i d e  of t h e  metal w a l l  w a s  ca lcu la ted .  

tmqc 
km 

Tm = 400 + - 

The cold-side temperature w a s  assumed t o  be  400° F. 
perature  i s  probably high, but ,  s ince  t h e  temperature d i f f e rence  across  
t h e  metal-carbon layer  i s  very high (of t h e  order of several-thousand 
degrees),  t h e  e r ro r  w i l l  not s i g n i f i c a n t l y  a f f e c t  t h e  ca lcu la ted  r e s u l t s .  

( 4 )  From t h e  d i f fe rence  between t h e  hot -s ide  ( sur face)  and t h e  cold- 
s i d e  (me ta l  w a l l )  carbon-layer temperatures, t h e  r e s i s t a n c e  of t h e  carbon 
l aye r  was calculated t o  be 

This assumed tem- 
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In  order t o  compare the  calculated hea t - t ransfer  r a t e s  i n  t h e  
combustion-chamber sec t ion  with t h e  over -a l l  r a t e s  measured, it w a s  
necessary t o  estimate t h e  over -a l l  r a t e  ana ly t i ca l ly .  
use of t h e  following equations: 

This was  done by 

qcAc + a, 
Ac + An 

q =  (4) 

Simplif icat ions inherent i n  these  ca lcu la t ions  are: (1) The t o t a l  
temperature of t he  combustion-chamber gases Tc w a s  assumed t o  e x i s t  
unchanged throughout t h e  chamber and nozzle. ( 2 )  The assumed sur face  
temperature of t h e  carbon l aye r  and the proper t ies  of t h e  combustion- 
chamber gas a t  t h e  sur face  were fur ther  assumed t o  be constant throughout 
t h e  chamber and nozzle. 
by frustums of two cones joined a t  the  nozzle t h r o a t  and having ha l f -  
angles a and p .  

(3) The nozzle w a s  approximated geometrically 

I n  order t o  avoid computational complications due t o  t h e  varying 
hea t - t ransfer  r a t e  and t o  t h e  varying thickness  of t he  metal  w a l l  
throughout t h e  nozzle sect ion,  t h e  carbon-layer thermal-resis tance ca l -  
cu la t ions  (eq. ( 4 ) )  were based on the  ca lcu la ted  hea t - t ransfer  ra te  and 
metal  thickness  i n  t h e  combustion-chamber sec t ion  only. Calculat ions 
of t h e  carbon-layer r e s i s t ance  a t  various sect ions of t h e  nozzle were not 
attempted. The calculated ove r -a l l  hea t - t ransfer  r a t e  (eq. (5) ) w a s  
about 30 percent g rea t e r  than t h e  value f o r  t h e  combustion chamber 
( e s .  (1)). 

Because t h e  ca lcu la t ions  were intended pr imari ly  t o  show t h e  qua l i -  
t a t i v e  e f f e c t  of varying carbon- layer thickness  r a t h e r  than t h e  quanti-  
t a t i v e  value of t h i s  e f f ec t ,  r ad ia t ion  w a s  neglected.  Radiative heat  
t r a n s f e r  i n  rocket  combustion chambers o rd ina r i ly  amounts t o  about 20 
percent of t h e  convective heat t r ans fe r .  

c 
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TABLE I. - JP-4 FUEL ANALYSIS 

Specific grav i ty  a t  60' 60' F 
Net heating value, Btu 1 l b  
Hydrogen-carbon ra t io ,  H/C 
Aniline point, O F  
Reid vapor pressure, lbfsq in.  
D i s t i l l a t i o n  a t  temperature, O F  

Percent evaporated: 
Initial boiling point 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 (final boil ing point)  

Residue, % 
Loss, % 

0.766 
18,725 
0.171 

138 
2.6 

149 
2 01 
226 
255 
274 
291 
310 
326 
349 
374 
411 
484 
1.0 
0.6 

15 
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(b) Placement of strips in notched ribs to form outer coolant-jacket wall 
(welding of inner ribs to inner wall incomplete). 

Figure 2. - Continued. Engine fabrication. 

c 
c 
C 
c 

8 
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(c) Engine welded into intregral assembly. 

Figure 2. - Continued. Engine fabrication. 
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Figure 5 .  - Injector.  
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Figure  7. - Performance and heat - t ransfer  data f o r  fuel-cooled runs. 5000-Pound- 
t h r u s t  l iquid-oxygen - Jp-4 rocket  engine. 
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Oxidant-fuel ratio, o/f 

Figure 8. - Performance and heat-transfer data for water-cooled runs. 5000-Pound- 
thrust liquid-oxygen - J P - 4  rocket engine. 
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Figure 9. - Theoretical performance data f o r  liquid oxygen a:id JP-4 fbel 
propellants at 603-pounds-per-square-inch pressure. Ratio of chamber 
pressure t o  e x i t  pressure, 40.8. 
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Figdre 11. - Calculated relation between heat-rejection rate 
and thermal resistances of the carbon surface iayer. 
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Figure 12. - Experimental speci5iic impulse as function of 
combu. t ion-ch:mibel* pressure. 
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Figure 13. - Rocket exhaust-gas proper t ies  a t  elevated temperatures. 
Frozen-composition values; oxidant-fuel r a t i o ,  2 .43.  
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